INTRODUCTION
Development of steel with high strength at elevated temperatures largely depends on advances in our understanding of phase transformations [1] [2] [3] . The accuracy of predicting the kinetics of solid-state phase transformations depends on microstructural parameters that are often difficult or impossible to measure or calculate from abinitio calculations, e.g. the activation energy for nucleation. This leads to a low predictive power of existing models and restricts their applicability to a limited range of experimental conditions. In earlier work [4] we have shown by means of three-dimensional X-ray diffraction microscopy that the nucleation rate of ferrite in steel is much higher than predicted from state-of-the-art phase transformation models at that time. Like ferrite formation in steel, cementite formation in steel is also well studied, but never by in-situ synchrotron radiation techniques that reveal information of individual cementite grains in bulk steel specimens.
An in-situ study of the nucleation process and grain growth inside the bulk is necessary for the development of more accurate quantitative models for the phase transformation kinetics. The study of incubation time before nucleation, nucleation rate, grain growth rate, grain orientation and interface mobility as a function of time and temperature will provide unique insights into the phase transformation kinetics leading to a better control of the mechanical and thermal properties of steel. The current experiment serves as a preparatory stage for a timeresolved in-situ study of the nucleation process and ce- 
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360°F igure 2. Sketch of the phase-contrast and diffractioncontrast effects taking place when the steel sample is illuminated with a coherent X-ray beam.
mentite grain growth 1 . To investigate the microstructure of steel in a noninvasive manner, imaging techniques based on several non-destructive contrast mechanisms are needed. The cementite grains can be detected due to a slightly lower density in comparison to the surrounding ferrite (approximately 3% difference). However, the size of the cementite particles can vary from tens of micrometers down to the sub-micron scale ( Figure 1) producing extremely low attenuation contrast. Improving cementite detection requires the use of a phase-contrast imaging approach rather than attenuation-contrast imaging.
The structure of the ferrite grains cannot be reconstructed using phase-contrast imaging techniques since there is no variation of density or composition between the grains. Instead, the Bragg diffraction of X-rays on the ferrite lattice must be exploited. In order to perform a time-resolved study, the imaging techniques must allow for relatively short acquisition times (on the order of 1 hour or less) for a complete 3D volume. That requirement can be satisfied using X-ray diffraction-contrast tomography [5] .
MATERIALS AND METHODS
The composition of the sample used in the current experiment was established using X-ray fluorescense spectrometry. The material contains 95.4wt% iron, 2.8wt% copper, 0.6wt% manganese, 0.6wt% carbon. The sample was annealed in vacuum of 10 −5 mbar at a constant temperature of 700°C for 70 hours. It was consecutively cooled down to the room temperature at a rate of 2°C/min. Such a treatment leads to the formation of large cementite grains as depicted in Figure 1 . A miniature rod with a diameter of approximately 400µm was manufactured from the annealed material.
Experimental techniques
The combination of two complementary techniques: X-ray PCT and X-ray DCT, can be used to study the microstructure of cementite grains in a ferrite matrix. A single imaging beamline with sufficient spatial coherence and a suitable X-ray detector can be utilized for both PCT and DCT without significant changes to the beamline geometry or the components (Figure 2) .
The in-line phase-contrast image of cementite grain embedded in ferrite can be recorded using a highresolution detector behind the object (Figure 2 ). Multiple acquisitions taken at several object-to-detector distances are usually required for each object projection. A suitable phase-contrast sinogram can be recorded using either a 180°or a 360°scan protocol.
In the diffraction-contrast regime, Bragg diffraction spots produced by individual ferrite grains are recorded as shown in Figure 2 . When the beamline is switched from PCT to DCT mode only the detector has to be realigned to allow for the desired angular resolution and a sufficiently large field of view. A suitable scan series has to be recorded using a 360°scan protocol, which permits a reconstruction based on Friedel pair matching [5] .
Our experiment is carried out at the material science beamline ID11 of the European Synchrotron Radiation Facility (ESRF). The beamline is based on the undulator X-ray source with a source size of 57 × 10µm (HxV) FWHM. The beamline is equipped with a Laue-Laue Si (111) monochromator operated at 40KeV beam energy with a bandwidth E/E = 10 −4 . A specimen is placed in the first experimental hutch where the source-to-object distance is approximately 48m. This corresponds to a horizontal spatial coherence length L coh ∼ 9µm. We used the Frelon 2K CCD detector optically coupled to a 30µm scintillator resulting in 20x magnification. The best effective detector resolution was estimated from the acquired images to be approximately 1.4µm for a sampling pitch of 0.75µm.
Acquisition of a single phase-contrast projection image involves the recording of three intensity images of the specimen at 3mm, 68mm and 208mm object-todetector distance. The image at the shortest distance shows mainly attenuation-contrast, the two others are taken in order to reconstruct the phase image [6] . Images are acquired in 1024x1024 format with a pixel size of 0.75µm ( Figure 3b ).
The diffraction-contrast images are recorded at 9.5mm object-to-detector distance using full CCD (2048x2048 format) with optical magnification corresponding to a 3.75µm sampling pitch ( Figure 3a ). The DCT acquisition was done separately for five subsections of the complete volume of the specimen in order to reduce the complexity of the reconstruction.
Data preprocessing
Data acquired for phase retrieval was preprocessed using the following steps:
1. Dark-field and flat-field correction 2. Extinction spots reduction 3. Intra-sinogram registration of the projections 4. Inter-sinogram registration This procedure approximates the flat-field as a simple transmission effect (no phase effects from the propagation of the flat-field through the specimen are accounted for). Therefore the corrected image is calculated as:
where I rec is the recorded intensity image, I dark the darkfield image of the detector, and I f lat the flat-field image, i.e. the intensity field irradiating the specimen. A darkfield image is recorded once during the tomographic acquisition (Figure 4a ), whereas the flat-field may change significantly over a short time and must be updated for each individual projection. During the acquisition a reference flat-field image is recorded after every 100 projections. A dedicated flat-field image for each projection can be calculated using linear interpolation (Figure 4b ). After the first flat-field correction, a second correction must be performed in order to account for the fast changes of the flat-field that are not captured by the reference data. Since the object remains in the central part of the recorded projection images, we can calculate a flat-field image using the left and right sides in each row of the projection images. The central part of the flat-field image (attenuated by the object) is then calculated by interpolation ( Figure 4c ). Extinction spot reduction. Extinction spots (regions with lower intensity) are produced by Bragg diffraction of X-rays on large ferrite grains that surround the cementite structure. This may lead to very weak artefacts after PCT reconstruction. The extinction spot of a particular ferrite grain may appear only in the direction that corresponds to a certain Bragg angle with a small angular acceptance (~1 deg). They can be significantly reduced by simply applying a median filter to the phase-contrast sinogram of the object in the angular direction with a kernel larger than 1 deg. Intra-sinogram registration of the projections. Each projection of a phase-contrast sinogram has to be realigned in order to minimize the effects of irregular movements of the rotation table or the optical system. Such realignment can be done iteratively using the following steps:
1. Reconstruction by Filtered Back-Projection of a segment of the recorded data A FBP .
2. Calculation of the reconstructed sinogram S FP by forward-projection of the reconstructed volume A FBP .
3. Alignment of each single recorded image with the corresponding image from the sinogram S FP .
4. Correction of the recorded data for the small shift between the recorded and re-projected data.
5. Repeat steps 1 through 4 until convergence is reached...
Inter-sinogram registration. The fourth and the last step of the data preprocessing corrects for the global motion of the object in the field of view of the camera and relatively to the rotation axis when the sinogram is recorded at different object-to-detector distances. The re- sult of such motion can be that the object appears at a different location in each reconstructed volume. Correction involves a comparison between all three sinograms recorded for phase retrieval. First, the vertical shift of the object (shift along the rotation axis) is registered after averaging the sinogram in the horizontal and angular directions. Second, a reconstruction by Filtered Back Projection is calculated for each of the three sinograms (averaged in vertical direction). Now the vector (X s ,Y s ) of the object shift relative to the rotation axis can be calculated in the horizontal plane. Finally, the object can be centred in the horizontal plane by shifting each projection in the sinogram by the shift vector X s · cos(γ) − Y s · sin(γ), where γ is a projection angle. The angular orientation of the object is assumed to be accurately alligned between the sinograms. However, it can be also corrected by periodic shifting of the sinograms with respect to eachother in the angular direction.
In-line phase retrieval
The phase retrieval method is based on the so-called Mixed TIE-CTF formalism [7] :
whereF(I R ) is the Fourier transform of image I R , an intensity image recorded at the distance R, I 0 an attenuation image of the object, φ a phase image, λ the radiation wavelength, R/M the object-to-detector distance divided by magnification and u a spatial frequency.
Expression (1) is a linearised version of the Fresnel integral assuming slowly varying phase and attenuation. The approximation holds only when |φ (x) − φ (x + λ Ru M )| 1 and is in fact violated in our experiment close to the boundaries of the object or anywhere near the steel-to-air interfaces (including pores inside the specimen). However, the approximation holds for the ferritecementite interface and therefore the approach will lead to a correct image reconstruction of the cementite structure 'far' away from the specimen boundaries.
It is well-known that the problem of phase retrieval is ill-posed at low spatial frequencies and for all frequencies where the second term of (1) becomes zero. A solution to that problem is to combine both phase and attenuation terms into one as it is done in the phase-attenuation duality approach proposed by Wu [8] :
where α is essentially a constant ratio between the phase and attenuation coefficients of the object. A small third term used in [8] is ommited. The original approach was derived for homogeneous objects or objects composed from light elements imaged using X-rays with energy below 60KeV [8] . The same approach can be used in cases where the object is composed of two materials having different chemical compositions [9] . Formula (2) allows us to calculate the attenuation image of the object (which is in that case proportional to the phase image) directly from a single phase-contrast image. The image can be calculated at low spatial frequencies. However, the sum of the attenuation and the phase term expressed via cosine and sine functions can have zero crossings at high frequencies and the problem of the phase retrieval remains ill-posed around this set of frequencies. We can overcome this by using information from the sinograms acquired at different objectto-detector distances as it is conventionally done in the Mixed TIE-CTF approach [10] :
where ε is a small regularization constant, which can be set to zero when ∑ R A 2 R does not have any zero crossings. Now the image can be reconstructed correctly for the entire frequency range in exchange for additional acquisition time. It has to be noted again that the image will be erroneously reconstructed around air-steel interfaces due to both violation of the assumptions in (1) and due the wrong value of the factor α (2).
RESULTS OF PCT RECONSTRUCTION
The phase-contrast tomographic reconstruction of the cementite microstructure can be performed using the following distinct approaches: 2. FBP after phase retrieval obtained from multiple distance acquisition 3. FBP after attenuation retrieval (2) from a single distance acquisition using phase-attenuation duality principle 4. FBP after attenuation retrieval (4) from multiple distance acquisition using an extended phase-attenuation duality principle.
The first approach does not require a solution of the phase retrieval problem as such and thus is computationally simple. It provides a radiometric image of the object based on a single sinogram recorded in the phasecontrast regime (Figure 6a) . As it is shown in Figure 6a , the cementite microstructure is apparent and can be analysed using this method. The main disadvantage of this method is the qualitative nature of the reconstructed image. In order to obtain a quantitative reconstruction that corresponds to the object's density or refraction index one needs to use one of the phase retrieval algorithms.
The phase retrieval algorithm can be based on the mixed TIE-CTF formalism as described by (1) . The FBP reconstruction after the phase retrieval (1) is shown in Figure 6b . Unfortunately, this method does not allow reconstruction of the low frequency components of the phase image. Hence, the information about the average values of phase is lost and the reconstructed image remains largely qualitative.
(a) (b) Figure 7 . Results of the dual phase-attenaution retrieval applied to one slice only (a) (CTF is inverted in one dimention in the 2D sinogram) or to the whole volume (b) (CTF is inverted in two dimentions in the 3D sinogram).
Since the sample is known to consist of only two homogeneous materials (cementite and ferrite) with known refraction indexes, we can calculate the ratio between the attenuation and phase effects around cementite-ferrite interfaces using (3) and apply the phase-attenuation duality formula (2) . This method allows reconstruction of the attenuation image of the object using a single phase-contrast sinogram (Figure 6c ). However, as it was described in the Section V, the problem of phase retrieval remains ill-posed around the spatial frequencies for which the phase effect is zero or undetectable. For the sinogram recorded at 208 mm distance from the object this frequency corresponds to a periodic distortion signal with a period of approximately 3µm. A wave-like artefact that originates from that effect can be observed in Figure 6c .
In order to reconstruct the attenuation image of the object over the full range of spatial frequencies a modification to the phase-attenuation duality approach described in Section V can be conducted. As it follows from (4), the attenuation image of the object can be calculated using multiple sinograms recorded at different object-todetector distances. Figure 6d shows the result of attenuation retrieval based on three sinograms recorded at 3mm, 68mm and 208 mm behind the object. It can be observed that the periodic artefacts that are present in the singledistance approach vanish when a multiple-distance approach is used.
The resolution of the various PCT reconstruction results was estimated from the amount of blur around the cementite-ferrite boundaries (Figure 8 ). The standard deviation of the Gaussian blur is approximately equal to 1 pixel (0.75 microns). The blur most likely occurs due to resolution limitations of the beamline and uncorrected misalignments in the sinograms. The standard deviation of the noise in the reconstructed volume is approximately 15% of the intensity contrast between cementite and steel. 
RESULTS OF THE DCT RECONSTRUCTION
The data recorded in diffraction-contrast mode was processed using the grain tracking algorithm proposed by Ludwig [5] . The algorithm is based on the assumption that the investigated material is composed of crystalline grains that will diffract radiation according to the Bragg law depending on their crystalline orientation. Each grain is assumed to be an ideal single crystal that produces a diffraction spot that corresponds to the geometrical projection of the grain in that direction. This method permits volumetric reconstruction of the granular structure of the specimen based on the full field images of the diffraction patterns acquired in 360º view range. Unfortunately, the method is unable to reconstruct information about the local orientation gradients inside single grains. As a result of deformations inside individual grains such gradients are present in the specimen under study causing the reconstruction approach to become inaccurate.
The result of DCT reconstruction based on the grain tracking approach [5] is shown in Figure 9 . Different grains reconstructed from DCT data are colour-coded and overlaid with the images obtained from optical microscopy. Comparison with the optical data clearly demonstrates that the current DCT approach fails inside the regions that most likely have a significant local gradient of crystalline orientation. These erroneous regions seem to occur around the grain boundaries and in those parts of the volume where many large cementite grains are found.
From Figure 9 it can be estimated that the reconstructed grain volumes cover approximately 80% of the actual ferrite grain volume. The grain boundaries are determined within 15-20 microns accuracy. A conventionally used morphological dilation algorithm can be applied to the reconstructed DCT data to 'fill-in' the gaps, does not improve the image quality significantly as the regions where the reconstruction fails are to large. 
CONCLUSIONS
The values of the signal-to-noise ratio and resolution estimated for the PCT reconstructions allow us to conclude that the demonstrated imaging approach will be suitable for the detection of the cementite structures down to a micrometer size. We expect that in the further experiments it will be possible to acquire data on the kinetics of the nucleation and individual cementite grain growth in steel exposed to the thermal treatment.
However, the grain tracking approach used to reconstruct the DCT data was not found to be accurate enough for the investigation of the cementite-ferrite microstructure formation. The regions of 'undetected' crystalline orientations of ferrite are too large to determine the mutual orientation of the cementite grains against ferrite grains. Thus, the problem of sufficiently quick and accurate detection method for the ferrite granular structure in the presence of cementite remains unsolved. Most likely, the accuracy required for the purpose of our research can be achieved by using 3DXRD approach [11] .
